Middle T antigen (MT) of polyomavirus is known to play an important role in virus-mediated cellular transformation. While MT has been extensively examined in spontaneously immortalized rodent fibroblasts, its interactions with cells of other types and species are less well understood. We have undertaken a cross-species and cross-cell-type comparison of MT-induced transformation in cells with genetically defined backgrounds. We tested the transforming abilities of a panel of MT mutants, Y250F, Y315F, and Y322F, that are selectively mutated in the binding sites for the principal effectors of MT-Src homology 2 domain-containing transforming protein, phosphatidylinositol 3-kinase (PI3K), and phospholipase C-␥, respectively-in fibroblasts and epithelial cells of murine or human origin. We found that the Y315F mutation disabled the ability of MT to induce transformation in all cell types and species tested. While Y315F also failed to activate the PI3K pathway in these cells, genetic evidence has indicated Y315 may make other contributions to transformation. To confirm the role of PI3K, the PIK3CA gene, encoding p110␣, the prime effector of PI3K signaling downstream from activated growth factor receptors, was genetically ablated. This abolished the transforming activity of MT, demonstrating the essential role for this PI3K isoform in MT-mediated transformation. The Y250F mutant was able to transform the human, but not the murine, cells that were examined. Interestingly, this mutant fully activates the PI3K pathway in human cells but activated PI3K signaling poorly in the murine cells used in the study. This again points to the importance of PI3K activation for transformation and suggests that the mechanism by which MT activates the PI3K pathway differs in different species.
Polyomavirus (PyV) is a small, double-stranded, closed-circular-DNA virus with an approximately 5-kb genome divided into two roughly equal regions. The late transcripts produce the viral capsid proteins, whereas the early region encodes three so-called tumor (T) antigens (46) that are important for both productive infection and transformation. The 785-aminoacid large T antigen (LT) is a nuclear protein with originspecific DNA binding properties and an ATPase activity essential for viral replication (46) . LT cannot transform cells in culture but has the ability to immortalize primary cells (16, 32) . Small t antigen (st) is a 195-amino-acid protein found both in the nucleus and in the cytoplasm (46) . It is known to bind and thereby inhibit protein phosphatase 2A (PP2A) (39, 52) . Middle T antigen (MT), a 421-amino-acid protein associated with membranes and underlying cytoskeletal elements, has been shown to be essential for transformation of rodent fibroblasts in tissue cultures (20, 34, 47) . Mammary epithelial cell-specific expression of MT in transgenic mice results in the induction of multifocal mammary tumors with 100% penetrance (21) .
MT functions by providing a platform for the assembly of cellular signaling proteins (11, 26) . Like st, it binds to the A and C subunits of PP2A (39, 49) , thus replacing the B subunit of PP2A and consequently altering its substrate specificity and localization. Upon association with PP2A, MT recruits the Src family tyrosine kinases c-src, yes, and fyn to the complex, thereby activating their tyrosine kinase activities (1, 7, 9, 10, 18, 23, 30, 31) . In turn, MT becomes phosphorylated on three major tyrosine residues, 250, 315, and 322 (24, 41, 42) , providing docking sites for the phosphotyrosine binding domain of Src homology 2 domain-containing transforming protein (SHC) (3, 12) , the Src homology 2 domain(s) of p85, the adaptor subunit of class IA phosphatidylinositol 3-kinases (PI3Ks), (8, 27, 28, 45, 51) , and phospholipase C-␥ (PLC-␥) (44) , resulting in the activation of the respective downstream signaling cascades. Very recent evidence suggests some additional role for minor tyrosine phosphorylation sites in the MT C-terminal region (6) .
Class IA PI3Ks are heterodimeric lipid kinases consisting of a p85 regulatory subunit and a p110 catalytic subunit (reviewed in reference 14) . In response to growth factor stimulation and the subsequent activation of receptor tyrosine kinases (RTKs), class IA PI3Ks are recruited to the membrane via interaction of the p85 subunit with phosphotyrosine-containing motifs on the activated receptor. The p110 catalytic subunit of PI3K then catalyzes the phosphorylation of phosphatidylinositol 4,5-bisphosphate to form phosphatidylinositol 3,4,5-trisphosphate. This lipid second messenger in turn activates the serine/threonine kinase AKT and other downstream effectors to regulate multiple cellular functions, including proliferation, survival, and migration. There are three highly homologous p110 catalytic isoforms encoded by three distinct genes, PIK3CA, PIK3CB, and PIK3CD. Earlier studies showed that class IA PI3K was physically and functionally associated with activated RTKs and the transforming activity of MT (27) . Recently, cancer genomic sequencing technology has identified that the PIK3CA gene, encoding the p110␣ isoform, is frequently mutated in a number of the most common forms of cancer, including brain, colon, and breast cancer (40) . In addition, recent efforts using gene targeting (15, 54) and chemical inhibitors specific for PI3K isoforms (29) showed that p110␣ is the primary responsive PI3K for various normal and oncogenic growth factor signals.
The adapter protein SHC serves to couple MT to the Ras/ mitogen-activated protein kinase (MAPK) pathway. In transient transfection experiments, MT efficiently activates extracellular signal-regulated kinases (ERKs) (48) . However, ERKs have rarely been reported to be phosphorylated on their key activation sites in cells stably expressing MT, perhaps due to the presence of a feedback loop in the MAPK pathway itself or due to signaling from another MT-activated signaling pathway. SHC binds to the so-called NPXY (Asn-Pro-Thr-Tyr) motif in MT, and this binding is interrupted by mutation of the N, P, or Y residue (3, 12, 13) . While PLC-␥ clearly binds to MT at phosphorylated Tyr-322 (44), previous observations have suggested a minimal role for residue 322 in MT (19) .
Studies using MT mutants defective in their binding sites for either SHC or PI3K have indicated that recruitment of both of these signaling proteins is required for efficient transformation under some circumstances. However, conflicting data exist on the importance of each signaling pathway in a given context. For example, substitution of Tyr-315 by phenylalanine at the p85 binding site (Y315F) dramatically reduced polyomavirusinduced transformation in Rat F111 cells (4) and tumorigenesis in mice (17, 45) , but expression of the Y315F allele of MT via transfection transforms almost as well as wild-type MT in Rat1 fibroblasts (38) . Similarly, mutation of the SHC binding site (Y250F) in MT dramatically reduced transformation in fibroblasts in vitro and tumorigenesis in a mouse mammary tumor virus (MMTV)-MT transgenic model (35, 50) . However, the same mutant in the context of PyV showed much more modest and tissue-specific effects on tumorigenesis (2, 53) .
In order to examine further the potential differences in the signaling pathways utilized by MT in particular cell types and species, we established well-defined in vitro systems, including (i) human mammary epithelial cells (HMECs), (ii) human mammary fibroblasts (HMFs), (iii) mouse mammary epithelial cells (MMECs), and (iv) mouse embryonic fibroblasts (MEFs), thus enabling us to study the role of MT in fibroblasts versus epithelial cells and mouse versus human cells. We show that wild-type MT induces transformation in all of these cell types when p53 is inactivated by introducing a dominant negative form of p53, p53DD. By use of single binding site-defective MT mutants, we observed that the Y315F mutation blocked MT-induced activation of PI3K signal and transformation in all cell types, regardless of the species. In contrast, MT mutated at the SHC binding site (Y250F) retained transforming activity in human cells but failed to transform both murine fibroblasts and epithelial cells. Notably, the Y250F mutant fully activated PI3K in human cells but poorly engaged in PI3K signaling in murine cells. These data suggest that the mechanism of MT for activating the PI3K signal may differ in the human and murine cells tested in this study. Furthermore, using our recently generated conditional knockout system for the PIK3CA gene, we show that genetic ablation of the p110␣ isoform of PI3K abolished MT-induced transformation in MEFs, as assayed in both cell culture and xenograft tumor growth in athymic mice, indicating the essential role for p110␣ in MT-mediated cellular transformation.
MATERIALS AND METHODS
Vectors and retrovirus production. Wild-type MT and its mutants (Y250F, Y315F, Y322F, and YYY [Y250/315/322F]) were subcloned from their original pLJ vectors into the retrovirus vector pWZL-blasticidin. Retroviruses were produced as previously described (55) .
Cell culture. The culture conditions for HMECs were as described previously (55) . The MMEC line HC11 was cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS), insulin (5 g/ml), and epidermal growth factor (5 ng/ml). Both HMFs and MEFs were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% FBS. Stable cell lines were generated by infection with virus carrying genes encoding p53DD, simian virus 40 (SV40) LT, or various alleles of MT. All infections were carried out in the presence of 4 g/ml polybrene. After infection, cells were subjected to selection with the appropriate antibiotic (G418, 250 g/ml; blasticidin, 2.5 g/ml). Infection frequencies were usually 20 to 40%.
AI growth assays. For anchorage-independent (AI) growth assays, 5 ϫ 10 4 (HMEC) or 1 ϫ 10 5 (HC11, HMF, MEF) cells were seeded per 60-mm plate, with a bottom layer of 0.6% Bacto agar in DMEM and a top layer of 0.3% Bacto agar in the respective growth medium. Fresh growth medium was added after 1.5 weeks. Colony formation was scored after 3 weeks, and only colonies of 0.2 mm in diameter were counted. At least three independent assays were performed in triplicate.
Focus formation assays. HMFs and MEFs were seeded on 100-mm plates to allow these fibroblasts to reach about 70% to 80% confluence the next day for infection with various retroviruses. At 24 h postinfection, the medium was changed to DMEM supplemented with 2% FBS. Cells were cultured without splitting for 3 weeks, and the growth medium was changed every 3 days. Confluent monolayer cultures with foci were fixed with methanol and subsequently stained with 0.5% crystal violet. The number of foci formed by wild-type MT was defined as 100% and used to normalize between experiments. Three independent assays were performed in duplicate.
Immunoblotting. Cells were lysed in 20 mM Tris (pH 7.5), 140 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 10% glycerol, 1 mM sodium vanadate, 0.5 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 2 g/ml aprotinin, 2 g/ml leupeptin, and 2 g/ml pepstatin. Each lysate containing ϳ60 g of protein was loaded on the gel. Proteins were separated by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. These were blocked and incubated with the following primary antibodies: antip53 (DO-1 and Ab421; Santa Cruz); anti-MT (18-8) (39); anti-phospho-Akt (Ser473, Thr308); anti-Akt, anti-phospho-ERK, and anti-ERK (all from Cell Signaling Technology); antibodies for c-Myc (sc-764) and p16 (sc-1207) (both from Santa Cruz); and anti-vinculin (Sigma-Aldrich). Infrared-labeled secondary antibodies (Rockland) and the Odyssey System (Licor) were used for detection.
Tumorigenicity assays. Six-to 8-week old athymic mice (Ncr:Nu/Nu; Taconic Laboratories) were gamma irradiated with a single dose of 400 rads prior to injections. Cells (2 ϫ 10 6 ) were resuspended in 50 l of PBS and 50 l of Matrigel (Becton Dickinson) and injected subcutaneously into the flanks of mice anesthetized by inhalation of isoflurane. The conditions of the mice and tumor development were monitored daily. Mice were sacrificed when a single tumor reached 1.5 cm in diameter or after 2 months of monitoring. Animal care and protocols were approved by the Institutional Animal Care and Use Committees of Dana-Farber Cancer Institute and Harvard Medical School.
RESULTS
PyV MT complements p53 inactivation to transform telomerase-immortalized human cells. PyV MT was one of the first viral oncogenes to be isolated as an independent genetic element and studied for its transforming potential (47) . However, almost all of our understanding of MT is derived from rodent cell systems. To investigate the transforming activity of MT in human cells, we stably introduced MT into a previously characterized telomerase-immortalized HMEC (hTERT-HMEC) line. Like many cell lines originating from breast epithelium, hTERT-HMECs have spontaneously gained elevated levels of Myc expression and lost expression of p16
INK4A (55) . We found that MT failed to transform the hTERT-HMECs despite the high level of myc and loss of p16
INK4A in these cells (Fig. 1A ). Previous work with REF52 cells has suggested that MT can induce an ARF/p53-mediated block to cell division (33) . When p53 was inactivated by introducing either SV40 LT or a dominant negative allele of p53 (p53DD) into these epithelial cells, MT potently transformed them, as measured by AI growth in soft agar (Fig. 1A) . To examine potential cell-type-specific effects of MT, we also analyzed the effect of MT in a telomerase-immortalized human mammary fibroblast (hTERT-HMF) line (55) . Like hTERT-HMECs, these hTERT-HMFs have lost p16 INK4A expression, but the level of c-myc is undetectable in these cells (Fig. 1B) . Again, MT cooperates with p53 inactivation to induce transformation in human fibroblasts (see Fig. 3 ).
The PI3K binding site is important for MT-mediated transformation in human cells. MT is known to activate multiple cellar effectors when it is expressed in cells. However, MTstimulated signaling pathways and their roles in MT-mediated transformation of human cells have not been studied extensively. To dissect the effector pathway(s) required for MT transforming activity in human cells, we individually introduced into HMECs and HMFs expressing both hTERT and p53DD a panel of MT mutants, each carrying a single binding site mutation that selectively blocks the binding of MT to SHC (Y250F), PI3K (Y315F), or PLC-␥ (Y322F), as well as a triple mutant (Y250F/Y315F/Y322F [YYY] ) that ablated all three binding sites. Two of the major signaling pathways activated by MT are the MAPK and PI3K pathways, while the importance of the PLC-␥ pathway has been difficult to detect. To study these signaling pathways in the resultant human cell lines, we starved cells expressing the various MT alleles in basal medium and measured phosphorylation of Akt at both Ser-473 ( Fig. 2A  and 3A) and Thr-308 (data not shown) or phosphorylation of ERK ( Fig. 2A and 3A) as signaling readouts for PI3K or MAPK activation. Notably, MT activated PI3K in both human cell types ( Fig. 2A and 3A) . The Y315F mutant and the YYY triple mutant failed to stimulate Akt phosphorylation ( Fig. 2A and 3A), consistent with the fact that Y315 is required for MT to associate with and activate PI3K. However, we did not observe elevated levels of ERK phosphorylation in MT-expressing cells compared to control cells ( Fig. 2A and 3A) .
To test the transforming activities of the MT mutants, we first performed AI growth assays for both HMECs and HMFs.
Often, the transformation potential of MT alleles has been assayed by focus formation, but this assay cannot be performed on epithelial cells. AI growth assays were chosen to allow us to test the various types and species of cells with a uniform assay format. The triple mutant YYY abolished the transforming ability of MT in these cells (Fig. 2B and C and 3B ) as expected. When we examined mutants in single effector binding sites, we found that the Y315F mutant failed to induce colony growth in soft agar in both human cell types tested, while Y250F and Y322F mutants retained high transforming capacity (Fig. 2B  and C and 3B) . However, the Y250 site and its attendant SHC binding have previously been shown to be crucial for MT transformation in rodent fibroblasts, as measured by focus formation (3, 12, 13) . We also tested the MT mutants in human fibroblasts by a focus formation assay, as is traditionally done with rodent fibroblasts. As shown in Fig. 3C , the MT mutants displayed the same transformation patterns in the HMF focus assay as they had in the AI growth assay.
Both the PI3K and SHC binding sites on MT are important for transformation of murine cells. To examine species-specific effects of MT on transformation, we included murine cells in our study, namely, the MMEC line HC11 and MEFs. Virtually all murine cell lines suffer some form of p53 inactivation to allow their immortalization (43) . One potential source of variation among rodent cell lines stems from the fact that p53 can be inactivated by various means. To be consistent with our previous studies, we again used p53DD in our work with murine cells. Thus, our primary MEFs were prepared from 13.5-day embryos and immortalized by the introduction of p53DD at passage one. The MMEC line HC11 is known to express a mutated p53. By introducing DDp53, we hoped to override the signal of the endogenous protein, thus providing a genetic background with respect to p53 similar to those of the other cell lines.
We stably introduced the panel of MT mutants described above into the two murine cell lines via retrovirus-mediated infection. Cells were starved and lysates were prepared for analysis of cellular signaling as before. Wild-type MT stimulated phosphorylation of Akt but not ERK in these cells, the same signaling pattern obtained from the analysis of MT in human cells (Fig. 4A and 5A ). Once again the Y315F mutant failed to elevate the phospho-Akt levels in both HC11 cells and MEFs ( Fig. 4A and 5A) . Interestingly, the phospho-Akt levels induced by the Y250F mutant were also greatly reduced compared to wild-type MT in murine cells (Fig. 4A and 5A ). As we did not observe a significant effect of the Y250F mutant on PI3K signaling in human cells, this finding indicates that the mechanism by which MT activates PI3K may differ in human and murine cells.
We then tested the transforming activities of MT and each mutant in both HC11 cells and MEFs by AI growth assays. Wild-type MT efficiently induced transformation in both murine cell types (Fig. 4B and 5B). As was the case with the human cells, the Y315F mutant was unable to efficiently transform either murine epithelial cells or fibroblasts (Fig. 4B and 5B), providing further evidence for a role of PI3K activation in MT-induced transformation. The Y250F mutant, defective in the SHC binding that has previously been reported to be essential for MT-induced transformation in established murine fibroblast cell lines (3, 12, 13) , also failed to transform both murine cell types ( Fig. 4B and 5B). As expression of this mutant efficiently induced transformation in both human cell types, the behavior of the Y250F mutation clearly demonstrates that MT-mediated transformation does indeed show species specificity. Expression of the Y322F mutant, which is defective in its binding to PLC-␥, transformed both murine cell types efficiently, showing only a moderate reduction in numbers compared to those elicited by wild-type MT. Once again, focus formation assays were performed for the various mutants with the murine fibroblasts, with results entirely in accord with the AI growth assays (Fig. 5C) . The p110␣ isoform of PI3K is essential for MT-mediated cellular transformation. All of our experiments using MT mutants defective in single binding sites for cellular effectors point to the idea that the interaction of MT with PI3K is important for MT transforming activity in mammalian cells. However, it is still possible that another unidentified signaling molecule(s) utilizes the same binding site as PI3K-p85 to mediate MT transformation. The PI3K binding site on the platelet-derived growth factor receptor, for example, can interact with Nck (36) . For MT itself, genetic evidence strongly suggests pY315 may generate signals other than from PI3K (22) . Such observations make the use of simple direct interpretations of Y315F to connect PI3K signaling to transformation inappropriate. A direct confirmation of the role of PI3K in MT transformation is required. To do this, we tested the transforming activity of MT in p110␣-null MEFs prepared from mice that we had recently generated that allowed conditional knockout of the PIK3CA gene (54) . MEFs deficient for p110␣ were generated from control MEFs containing the homozygous floxed allele via Cre-mediated deletion and immortalized by introducing p53DD, as described previously (54) . Control MEFs and p110␣-null MEFs were then infected with retrovirus expressing wild-type MT. Notably, ablation of p110␣ completely blocked phospho-Akt and focus formation induced by MT (Fig. 6A and  B) . This is consistent with our previous observations that p110␣-deficient cells are resistant to transformation by mutationally activated RTKs, further supporting the notion that MT is a viral analogue of an activated receptor.
To gain further insight into the effect of p110␣ ablation on tumorigenesis induced by MT, we injected p53DD-immortalized control MEFs or p110␣ knockout MEFs expressing MT into nude mice subcutaneously and scored the ability of the injected cells to form tumors. While control MEFs expressing MT formed palpable tumors in nude mice within 2 weeks that reached ϳ6 mm in diameter in 4 weeks (six of six mice), MT expression in p110␣ knockout MEFs failed to promote tumor formation in animal hosts over a period of 6 weeks (zero of six mice) (Fig. 6C) . Taken together, our data demonstrate that the transforming activity of MT depends on PI3K activation and that the p110␣ isoform of MT is essential for MT-mediated transformation in mammalian cells.
DISCUSSION
The present work points to the overarching importance of PI3K pathway activation in MT-mediated transformation in the human and mouse fibroblasts and mammary epithelial cells that were examined. However, the means used by MT for activation of the PI3K pathway differs between mice and humans. For the first time, we were able to use MEFs derived from knockout mice to further pin down the involvement of PI3K isoforms, finding a specific requirement for p110␣ in MT transformation. This result eliminates one nagging issue in MT study. Almost all previous ideas concerning the role of PI3K in MT transformation were based on the use of PI3K binding site mutants in MT. That site is likely to have other, non-PI3K functions (22) . We can now point with confidence to the role of PI3K in MT transformation. Other MT effectors were either species specific, as was the case for SHC in murine cells, or relatively unimportant in any situation, as was the case for PLC-␥.
We aimed to gain insights into the individual importance of the intracellular signaling pathways activated by PyV MT in cellular transformation via a cross-species and cross-cell-type study. While the interaction of MT with rodent fibroblasts has previously been studied, we have compared and contrasted mouse and human cells of two distinct cell lineages. Single binding site mutations of Y250, Y315, and Y322 were used to block the binding of SHC, p85, or PLC-␥ to MT. The most prominent effects were observed for the p85 binding site mutant, Y315F. This mutant was transformation defective in both cell types and both species, as measured by AI growth and focus formation assays. Western blot analysis, using antibodies to phospho-Akt, revealed that the PI3K pathway was strongly activated in all cell types expressing wild-type MT, while expression of the Y315F mutant failed to activate the PI3K pathway in all cell lines tested. This is consistent with the generally held hypothesis that PI3K pathway activation is essential for MT-mediated transformation. Interestingly, the transforming potential of the SHC binding site mutant (Y250F), previously reported to be essential for MT to transform established fibroblast cell lines (35, 37) , did vary with the species examined. While this mutant was unable to induce transformation in either murine fibroblasts or epithelial cells, in agreement with published data for rodent fibroblasts, expression of Y250F was fully transforming in both human epithelial cells and fibroblasts. Western blot analyses of the activation of the PI3K pathway in these Y250F cell lines revealed significantly reduced phospho-Akt levels in both murine cell lines, whereas the human cell lines expressing the Y250F mutant showed phospho-Akt levels similar to those of their wild-type MT counterparts. These data suggest that there may be differences in the mechanism of PI3K activation between human and murine cells, particularly in the importance of secondary binding sites for p85. It has previously been shown that while Y315 is the primary binding site for p85, Y250 can also play a role in PI3K binding of MT via a known interaction of Grb2/Gab2 (a PI3K adapter) with SHC (37) . For the moment, we can hypothesize that another adapter with a binding site on MT different from Y250 plays the role of Gab2 in human cells, but it will clearly require further work to test this possibility. The fact that the Y250F mutation reduces PI3K activation in murine cells but not human cells and reduces transformation in murine but not human cells should not be interpreted as suggesting that PI3K binding/activation is the only essential role of Y250 in murine cells. SHC binding via Y250 is known to be important in transforming rodent fibroblasts. Notably, the P248H mutation (22) , which lies in the NPXY motif in MT, also blocks SHC binding and abolishes MT-mediated transformation in our MEF cells (but not in HMECs) without altering PI3K activation (unpublished results).
Although SHC binding is important for MT-mediated transformation of rodent cells, activation of the MAPK pathway is rarely, if ever, seen in cell lines stably expressing wild-type MT, even though transient expression of MT can indeed activate the MAPK pathway via SHC (48) and MAPK activation is seen in MT-induced tumors in vivo (5) . It has always been presumed that some feedback loop or cross-talk from another pathway was inhibiting MAPK activation. Our experiments with human cells give a hint as to one possible mechanism underlying this inhibition. In murine cells, we can see clearly that phospho-ERK levels are elevated in cells expressing the Y315F mutant but not in wild-type MT (Fig. 4A and 5A ). This suggests that cross-talk from the PI3K pathway may contribute to the silencing of MAPK signals.
For the PLC-␥ binding mutant (Y322F), a slight reduction in the number of colonies and foci formed, 10 to 30% compared to the wild-type MT-expressing cells, was observed in all cell lines examined in this study. However, both epithelial cells and fibroblasts of murine or human origin were still efficiently transformed. It is likely that under more restrictive conditions, e.g., serum deprivation, these slight effects would be more prominent (44) .
In all past discussions of MT transformation, the term PI3K was used to nonspecifically refer to the aggregate of class IA PI3K activities. We were able to begin to examine the role of specific PI3K isoforms by construction of a conditional p110␣ knockout mouse, enabling us to look at wild-type MT transformation in a PI3K knockout background. While previous work had shown that MMTV-MT-derived mammary tumor cells expressing a dominant negative p85 subunit undergo elevated levels of apoptosis (50) and that the expression of a constitutively activated AKT dramatically accelerates oncogenesis and reduces apoptosis, as observed in MMTV-Y315/ 322F-MT cells (25) , our demonstration of a requirement for the p110␣ subunit in MT transformation finally establishes the essential role for the PI3K pathway in MT-mediated transformation. These data are also in nice accord with our previous studies on growth factor receptors in cells lacking p110␣ and the finding that ablation of p110␣ greatly diminishes transformation by oncogenic alleles of growth factor receptors (54) . The failure of MT to transform the p110␣ knockout cells, which still express p110␤, emphasizes that the two PI3K isoforms are not functionally equivalent. Future work will be needed to elucidate key differences between the two.
